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Crystal Structure and Functional Analysis
of the Histone Methyltransferase SET7/9
actively transcribed genes are thought to be structurally
clustered into regions having a more open, or less com-
pact, conformation of chromatin (Spellman and Rubin,
Jonathan R. Wilson,1,4 Chun Jing,1,4
Philip A. Walker,1 Stephen R. Martin,1
Steven A. Howell,1 G. Michael Blackburn,2
2002). The decision as to whether a certain chromo-Steven J. Gamblin,1,3 and Bing Xiao1
somal region adopts a heterochromatic or euchromatic1Structural Biology Group
state is determined, at least in part, by the patterns ofNational Institute for Medical Research
posttranscriptional modification of the N-terminal tailsThe Ridgeway, Mill Hill
of the core histones (Strahl and Allis, 2000; Zhang andLondon NW7 1AA
Reinberg, 2001) that include acetylation, phosphoryla-United Kingdom
tion, and methylation. While acetylation of specific lysine2 Department of Chemistry
residues is associated with transcriptional activationKrebs Institute
(Grunstein, 1997), lysine methylation seems to be in-University of Sheffield
volved in both activation and repression of transcriptionSheffield S3 7HF
(Litt et al., 2001; Noma et al., 2001), depending on theUnited Kingdom
context of the modification. The combinatorial nature
of these histone modifications has been proposed to
represent a “histone code” that acts in addition to theSummary
underlying genetic code (Strahl and Allis, 2000; Turner,
2000).Methylation of lysine residues in the N-terminal tails
Although methylation of histone lysine residues wasof histones is thought to represent an important com-
reported as long ago as 1964 (Murray, 1964), only re-ponent of the mechanism that regulates chromatin
cently has the class of enzymes responsible for thisstructure. The evolutionarily conserved SET domain
modification and their functional significance been iden-occurs in most proteins known to possess histone
tified (Rea et al., 2000). Rea et al. first demonstrated thelysine methyltransferase activity. We present here the
connection between a domain widely distributed amongcrystal structure of a large fragment of human SET7/9
proteins connected with chromatin remodeling in higherthat contains a N-terminal -sheet domain as well as
organisms and a group of plant enzymes with methyl-the conserved SET domain. Mutagenesis identifies
transferase activity. They were able to demonstrate thattwo residues in the C terminus of the protein that
the human homolog of the suppressor of variegationappear essential for catalytic activity toward lysine-4
enzyme, SUV39H1, carried out specific methylation ofof histone H3. Furthermore, we show how the cofactor
lysine 9 on the N terminus of histone H3. This work alsoAdoMet binds to this domain and present biochemical
showed that although the catalytic core of this proteindata supporting the role of invariant residues in cataly-
was located within the so-called SET domain (Jonessis, binding of AdoMet, and interactions with the pep-
and Gelbart, 1993; Tschiersch et al., 1994), both N- andtide substrate.
C-terminal flanking domains were also required for his-
tone methyltransferase (HMTase) activity. It has beenIntroduction
estimated that there are seven to ten gene families in
mammals that contain SET domains (Lachner and Jen-In eukaryotes, nuclear DNA is packaged with specific
uwein, 2002). These domains invariably occur within aproteins to form chromatin. At the lowest level of chro-
larger protein and are mostly frequently located near
mosome organization is the nucleosome, consisting of
the C terminus. Sequence alignments have revealed two
a core of an octamer of histones (two heterodimers of
regions of strong sequence conservation within the SET
H2A/H2B and a tetramer of H3/H4), around which 146 domain (Rea et al., 2000). These motifs, 320H(x)2NHSC326base pairs of negatively supercoiled DNA are wound and 358GEEL(x)3Y365 in the human SUV39H1, both occur(Luger et al., 1997). The N-terminal tails of the histones in the C-terminal half of the SET domain and, together
protrude from the core and are subject to posttransla- with mutational data, were interpreted as defining an
tional modifications. Nucleosomes are the building important catalytic site. Also apparent from phyloge-
blocks for the formation of successively higher levels of netic analysis is the fact that, although apparently essen-
chromosome organization and compactness. At mito- tial for HMTase activity, the domains, which occur imme-
sis, chromosomes adopt their most compact state, and diately adjacent to the N and C termini of the SET
subsequently, heterochromatic regions remain com- domain, vary considerably amongst the many SET-con-
pacted during interphase while euchromatic regions be- taining proteins (Roguev et al., 2001).
come more dispersed (Dillon and Festenstein, 2002). There are at least two ways in which HMTase activity
Processes requiring some degree of access to the ge- is thought to alter chromatin structure and gene expres-
netic information, such as DNA replication, repair, and sion patterns. First, methylation of lysine 9 on histone
transcription, are restrained by the degree of compact- H3 has been shown to generate a high-affinity binding
ness of the chromatin (Wolffe, 1998). In general terms, site for HP1 proteins (Bannister et al., 2001; Lachner et
al., 2001; Nakayama et al., 2001). The latter constitute
a family of heterochromatic adaptor molecules with3 Correspondence: sgambli@nimr.mrc.ac.uk
4 These authors contributed equally to this work. roles in gene silencing and higher-order chromatin as-
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sembly (Eissenberg and Elgin, 2000). Second, the pat- Protein A (1osp.brk) from Lyme disease spirochete.
However, the sequence of the N domain appears quitetern of histone tail methylation has the potential to prevent
the recruitment of other histone-modifying enzymes/ different to those that precede SET domains in other
proteins. In contrast, the last 155 residues of the crystal-complexes and thus inhibit other covalent modifica-
tions. For example, the transcriptional repressor com- lized protein constitute the highly conserved SET do-
main that is comprised largely of strands and extendedplex NuRD (nucleosome remodeling and deacetylase)
is prevented from binding to H3 tails by methylation of loops, generating a globular domain of approximate di-
mensions 25  30  35 A˚ (Figures 1A and 1B). Thelysine-4, but not by methylation of lysine-9 (Nishioka et
al., 2002a; Zegerman et al., 2002). structure of the domain does not appear to be related
to any of those deposited at the Protein Data Bank. TheThe first example of an enzyme that specifically meth-
ylates lysine-4 of histone H3 in humans was character- topology of the SET domain is shown schematically in
Figure 1C.ized by two groups and named SET7 (Wang et al., 2001)
and SET9 (Nishioka et al., 2002a). This protein is among The N domain is made up of 12 antiparallel  strands
and is approximately 50 A˚ long, 30 A˚ wide, and 20 A˚the smallest shown to possess HMTase activity and it
also lacks SET domain-associated cysteine-rich re- deep (Figure 1A). The first turn, connecting the first and
second strands, is short and tight, but the connectinggions. We present here the crystal structure of SET7/9
and its complex with AdoMet. The crystal structure re- loops between strands 3-4, 5-6, and 7-8 become pro-
gressively more extensive so that there are eight resi-veals that the SET domain represents a novel fold and
that the mode of cofactor binding is unrelated to that dues involved in the 7-8 turn. In combination with the
innate twist of the  sheet, these turns at one end ofpreviously observed for AdoMet-dependent methyl-
transferases (Cheng and Roberts, 2001). The structure the sheet generate a U-shaped groove running approxi-
mately perpendicular to the direction of the strands. Thesuggests roles for many of the residues that form the
characteristic conserved motifs of SET domains. We electrostatic potential of the N domain, shown in Figure
1D, reveals that the surface is highly acidic, especiallyhave probed the activity of the enzyme by a combination
of substrate/cofactor binding studies and HMTase activ- along the edges of the groove just described.
The sequence alignment of SET domains in Figureity measurements using both wild-type and specific
point mutant proteins. Taken with the crystal structure, 2A highlights the characteristic signature of conserved
residues. Such alignments originally led to the SET do-these studies suggest how substrate binds to the en-
zyme, how certain of the invariant residues contribute main being defined as encompassing about 130 resi-
dues (for example, residues 249–375 in SUV39H1 [Reato catalysis, and the functional role of the domains im-
mediately adjacent to the SET domain. et al., 2000]). However, the crystal structure of SET7/9
suggests that the definition of the SET domain should
also include approximately 20 more residues at the NResults and Discussion
terminus of the domain that are not conserved. These
residues, 193–218 of SET7/9, make extensive contactsStructure Determination and Architecture
with the SET domain but none with the N-terminal do-of SET7/9
main. For comparison, the buried surface area betweenExpression of full-length SET7/9 in E. coli enabled us
the N- and C-terminal domains is 1450 A˚2 (68% hy-to purify monodisperse protein that gave rise to small,
drophobic), while that between residues 193–218 andneedle-like crystals. However, these crystals did not
the rest of the C-terminal domain is 2590 A˚2 (61% hy-diffract, so we made various truncated versions of the
drophobic).protein to further facilitate crystallization. Expression
and purification of a doubly deleted construct (residues
52–344, hereafter SET7/9) produced a protein that Role of Pre-SET and Post-SET Domains
The functional analysis carried out by Rea et al. firstcrystallized under two different conditions. Although re-
moval of the last 22 residues at the C terminus gives showed that both the pre-SET and post-SET domains
of SUV39H1 were required for HMTase activity (Rea etrise to a protein that is not catalytically active, it does
bind substrate and cofactor. The structure of SET7/9 al., 2000), and this observation has now been extended
to other SET proteins with different flanking domains.was solved by MAD using Se-methionine-substituted
protein. The empirical phases were improved by 2-fold However, the function of these additional domains has
remained unclear. The crystal structure reveals that thenoncrystallographic symmetry averaging and gave rise
to a map in which the entire sequence of the protein interface between the SET domain and the N domain is
extensive and distant from the active site of the enzyme.could be readily fitted. Subsequent refinement was car-
ried out with all data between 20 and 2.1 A˚ collected Consequently, the N domain appears to provide struc-
tural stabilization for the SET domain but not to contrib-from a native crystal (relevant crystallographic statistics
are presented in Tables 1 and 2). ute residues to the formation of the active site. It is
feasible that the N domain provides an extended bindingThe crystal structure, shown in ribbons representation
in Figure 1A, reveals that SET7/9 is comprised largely site for the histone N-terminal substrate, and several
observations are consistent with this view. First, theof  secondary structure elements and is organized as
two structural domains that form an approximate L structure itself reveals that the N domain has a groove
running across the extended  sheet that is markedlyshape, each arm being about 50 A˚ long. The 140 residues
that make up the N domain are organized as a repeating acidic (Figure 1D). This groove runs up to the SET do-
main and leads to a narrower channel running around theantiparallel  structure that is structurally related to a
number of other proteins including the Outer Surface SET domain that contains conserved residues whose
Crystal Structure and Analysis of Set7/9
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Table 1. Orthorhombic Crystal Form
Crystallographic Analysisa
Native Se Se Se
Data set ( A˚) 0.98 0.9797 0.9393
d (A˚) 30.0–2.1 20.0–2.8 20.0–2.5 20.0–2.5
Completeness (%) 84 97.7 92.0 96.0
Redundancy 3.1 3.8 3.7 3.8
Rsym (%) 4.8 4.1 4.6 4.9
Phasing Analysis
Resolution bin (A˚) 20.0–9.0 9.0–6.0 6.0–4.7 4.7–4.0 4.0–3.6 3.6–3.2 3.2–3.0 3.0–2.8
FOM 0.75 0.76 0.69 0.62 0.58 0.54 0.5 0.37
Mean FOM 0.57
Refinementb
Rcryst (%) 22.3 Rmsbond (A˚) 0.01
Rfree (%) 25.8 Rmsangle () 1.5
a Data collection was done at ESRF ID14EH4.
b Refinement includes 584 residues of protein, 3 Mg2 ions, and 297 water molecules.
mutation leads to loss of peptide binding (Figure 3B). Distribution of Conserved Residues
As well as providing the initial clue to their methyltrans-Thus, both the location and electrostatic potential of the
groove are consistent with a role for the N domain in ferase activity, sequence alignment of SET domains has
highlighted a distinctive pattern of conserved residuesproviding part of the binding site for basic histone tails.
Second, as we shall describe later, mutation of basic that have been shown to be important for biological
activity (Rea et al., 2000). The majority of invariant resi-residues in the histone-based peptides at residues far
apart in the primary structure from the methyl acceptor dues fall into three segments of the primary structure,
as shown in Figure 2A. Our structural data now showlysine residue (K4 of H3) affect the catalytic activity of
the enzyme. This suggests that the binding surface for that of the 14 residues conserved across the aligned
sequences in Figure 2A, ten are polar residues that arethe histone tail is extended. These observations may
well be pertinent for the role of pre-SET domains in other at least partially surface accessible.
Given the diversity in histone N termini against whichSET proteins.
In contrast, the residues immediately adjacent to the different SET-containing proteins are active, it is unlikely
that these conserved residues are involved in specificC terminus of the SET domain are important for the
catalytic competence of the enzyme but not for sub- interactions with the side chains of the peptide. How-
ever, it would be surprising if peptide binding did notstrate or cofactor binding. Proteolysis of full-length pro-
tein (data not shown) shows rapid cleavage at K-344, involve the interaction of side chains from the SET do-
main with the backbone of the peptide. It would also bearguing that this part of the C terminus is intrinsically
flexible. Mutagenic studies on the C terminus, presented expected that the AdoMet binding site and the adjacent
active site would contain several invariant residues.in a later section, show that residues located C-terminal
to K-344 are essential for catalytic activity and are likely Many of the conserved polar residues in the SET do-
main make interactions that appear important in stabiliz-to be in contact with the active site of the enzyme. It is
intriguing that such a variety of different sequences are ing the structure of the domain. The conserved or invari-
ant residues are strongly clustered into three regionsfound adjacent to the C terminus of SET domains across
the family of histone methyl transferases and may reflect on the surface of the protein, and conserved patches I
and II almost coalesce (Figure 2B). The largest numberimportant differences in the specificity of the various
of conserved residues occur in region I. Later, we willenzymes.
provide data that demonstrates that this region is re-
sponsible for AdoMet binding and thus defines the loca-
tion of the active site of the enzyme. G-227 and G-229
Table 2. Hexagonal Crystal Form are located in the second  strand of the SET domain
TLS Refinement as Two Rigid Groups (14) and they form main chain hydrogen bonds with
its first strand. These interactions are important for theNative AdoMet Soaked
conformation of the loop between these two strands
Number of crystals 2 2 that forms part of the AdoMet binding site. Residues
d (A˚) 30–3.1 30–3.2
H-293, N-296, and H-297 are located on 19 and wereCompleteness (%) 99.8 92.9
the first residues identified as important in the HMTaseRedundancy 11.4 5.3
activity of SET proteins. Of these three, the side chainsRsym (%) 12.3 11.6
Rcryst (%) 30.7 32.1 of H-293 and H-297 make no interactions with other
Rfree (%) 32.4 33.8 groups on the protein and would seem unlikely to play a
Rmsbond (A˚) 0.011 0.012 structural role. Although H-293 is not strictly a conserved
Rmsangle () 1.69 1.8 residue, it is of interest because its substitution by argi-
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Figure 1. The Structure of SET7/9
(A) Two orthogonal views of the structure are
shown in ribbon representation. The N do-
main (residues 52–192) is colored green, the
loop connecting the N domain with the con-
served core of the SET domain is colored
blue, and the SET domain is colored yellow.
The secondary structure elements are la-
beled.
(B) A stereographic representation of the C
trace of the SET domain colored and oriented
as the right-hand panel of (A); every 20th resi-
due is labeled.
(C) Schematic representation of the topology
of the SET domain colored as in (A). -strands
are shown as triangles and helical segments
as circles, the N terminus of the SET domain
(residue 193) is indicated by an open circle,
and the last residue in the crystal structure
(344) by the solid arrowhead. The C terminus
forms a threaded loop through the central 310-
20 connection.
(D) The molecular surface of the N domain of
SET7/9 is colored according to its electro-
static potential as calculated using GRASP.
Negative electrostatic potential is red, with
positive electrostatic potential blue. The mol-
ecule is oriented as in the left panel of (A).
nine leads to substantially enhanced enzymatic activity stabilizing the structure, as do residues G-247, I-250,
E-254, and R-258, which constitute region III.in SUV39H1 (Rea et al., 2000). The side chain of N-296
interacts with the side chain of the invariant E-330. Al-
though the resolution of our diffraction data does not AdoMet Binding
Crystal lattice contacts prevent AdoMet from binding toallow us to distinguish between the N(D2) and O(D1)
atoms on the asparagine side chain, we infer that its the orthorhombic crystal form. However, we were able
to obtain a second crystal form of the same constructN(D2) interacts with the carboxyl group of E-330. The
implications of this observation for AdoMet binding and under different conditions that was characterized by
having a high solvent content (80%) and consequentlycatalysis will be discussed later. The two other con-
served residues in region I are Y-245 and Y-335. The fewer lattice contacts. Not surprisingly, the diffraction
from these crystals was poorer (Bragg limit 3.2 A˚) thanaromatic ring of Y-245 is largely buried, but its phenoxyl
hydroxide is hydrogen bonded to a water molecule on that from the original crystal form (Bragg limit 2.1 A˚).
Nonetheless, optimization of the AdoMet soaking condi-the protein’s surface. The hydrophobic contacts made
by the aromatic ring are likely to contribute to the stabil- tions produced a data set that, when phased by molecu-
lar replacement (the model contained no informationity of the structure. In contrast, Y-335 only interacts
with the rest of the protein through an edge-on stacking about AdoMet), produced a strong electron density fea-
ture at the presumed active site of the enzyme. Theinteraction with the nonconserved F-299, suggesting
that it is unlikely that Y-335 plays an important structural native and AdoMet-soaked crystal were not isomor-
phous and so a real space difference electron densityrole. The four residues that constitute region II, P-301,
N-302, E-329, and R-323, all appear to play roles in map, shown in Figure 3A, was used to verify that the
Crystal Structure and Analysis of Set7/9
109
Figure 2. Conservation of Residues across the SET Family
(A) Sequence alignment of SET7/9 with a subset of other SET domains. The entire coding sequence of SET7/9 is shown together with the
secondary structure elements assigned from the crystal structure, colored according to Figure 1A. The aligned sequences are from PR-Set07
(AAF97812), human G9a (S30385), human SUV39H1 (NP003164), and set2 (NP012367). The sequences were aligned using Clustalw. Residues
invariant across these domains are boxed in blue, while two conservatively substituted residues are boxed in light blue. The extent of the
crystal structure is indicated by the red line.
(B) Surface representation of SET domain with conserved residues colored according to (A) with the three conserved regions labeled.
electron density at the active site arose from AdoMet. horizontally in Figure 3B is narrower than the vertical
groove, and the right half portion represents the secondThis unbiased electron density map contains strong
electron density for the adenine and ribose rings and part of the AdoMet binding site that interacts with the
amino acid portion of the cofactor. The floor of the Ado-the sulfonium and methyl group, but not for the amino
acid component of AdoMet. Electron density for this Met binding site is largely defined by 19 (which carries
the conserved HNS motif), and the sides of the narrowpart of the molecule is only apparent at low contour
levels and suggests that this part of the molecule is not groove by the 13-14 loop on one side and by the
310 turn and loop connecting 2 and 17 on the other.as well ordered in the crystals. The model for AdoMet
is also shown in Figure 3A in ball-and-stick representa- AdoMet binding results in 600 A˚2 of surface area becom-
ing solvent inaccessible. The binding site represents ation. At this resolution, we are confident about the posi-
tion and overall configuration and conformation of the region of high sequence conservation (Figure 3B), and
its surface has a negative electrostatic potential (FigureAdoMet, but we cannot be certain about the precision
of the assigned hydrogen bond interactions. Wherever 3C) arising from the dipoles of several main chain car-
bonyl groups. The amino acid group of the AdoMetpossible, we have tested the interactions described by
mutagenesis and biochemical analysis. makes two hydrogen bonds with main chain groups on
the enzyme. The terminal carboxyl group of the cofactorThe surface of SET7/9 that contains the active site is
characterized by two grooves that run approximately interacts with the amide nitrogen of S-225 while its
amine nitrogen is hydrogen bonded to the carbonyl oxy-perpendicular to each other and intersect where the
adenine moiety of AdoMet binds. The groove that runs gen of H-297. Neither the sulfonium or ribose compo-
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Figure 3. The Active Site of the SET Domain
(A) Real space, difference electron density
map (Rho(AdoMet)  Rho(Native)) shown in the re-
gion of the AdoMet binding site with a subset
of the residues contributing to the binding
site shown in ball-and-stick representation.
(B) The AdoMet is shown as a yellow stick
representation displayed on the molecular
surface of the SET domain. Conserved resi-
dues are colored blue.
(C) The AdoMet is displayed as in (B), while
the molecular surface of the SET domain is
colored according to its electrostatic poten-
tial in the same way as Figure 1B.
(D) A stereographic representation of the po-
sitions of residues contributing to the active
site of the SET domain shown in ball-and-
stick representation, together with the
Mg.(H2O)6 identified in the orthorhombic crys-
tal form.
(E) The active site is presented in the same
way as (D), but with the AdoMet shown in
ball-and-stick representation (coloring as in
B). The equivalent position of the magnesium
ion in (D) is shown by a black circle.
nents of the cofactor interact with the enzyme, but there through a water molecule. A water molecule is present
in our initial structure, but the resolution of the data fromare several interactions between the protein and the
adenine ring. Unlike the large class of methyltransfer- the SET7/9.AdoMet crystal is insufficient to know if it
persists in the AdoMet complex. The side chains of theases that share a common seven-stranded  sheet
“AdoMet-dependent MTase fold” (Cheng and Roberts, two invariant residues, N-296 and E-330, are hydrogen
bonded, which suggests that it is the side chain carbonyl2001), AdoMet binding to the SET domain does not in-
volve hydrophobic contacts with the adenine moiety, of N-296 that interacts with N1 of the adenine.
but instead the adenine makes four hydrogen bond in-
teractions. Furthermore, the syn-conformation of the The Active Site and Catalysis
AdoMet is the most common methyl donor moleculeglycosidic bond adopted by AdoMet on binding to the
SET domain is the opposite of the anti-conformation used in biological alkylation reactions. As the methyl
group is bound to a charged sulfur atom, the otherwisethat it adopts on binding to the seven-stranded  sheet
MTase family, but is similar to the conformation adopted relatively inert methylthiol of methionine is made reac-
tive toward polarizable nucleophiles such as nitrogenby the cofactor bound to the Met repressor protein (Raf-
ferty et al., 1989). The pocket that binds the adenine (Hoffmann, 1986; Thompson et al., 1999). Catalysis of
methyl transfer from AdoMet should be promoted bymoiety of AdoMet is lined with polar residues and several
main chain carbonyl groups. The N6 of the adenine hy- features of the enzyme’s active site that further destabi-
lize the positive charge on the sulfonium ion. There aredrogen bonds to the main chain carbonyls from H-293
and K-294. N7 may interact with the invariant Y-245 three general requirements for efficient catalysis of
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methyl transfer to lysine that seem pertinent to the func- structure suggests that the conserved G-227 and invari-
ant G-229 play important roles in maintaining the struc-tion of HMTases. First, the amine of the acceptor lysine
ture of the 12-13 loop, which also forms a part of themust be neutral. Second, the lone pair of electrons on
binding site. The other two invariant residues in thisthe amine nitrogen are oriented toward the methyl group
region, H-297 and Y-335, are located close to the cofac-of the AdoMet and approximately “in line” with that C-S
tor but do not appear to interact with it. In the absencebond. Third, desolvation of the lysine side chain will
of the structure of the ternary complex, the roles of thesegreatly enhance its potential for nucleophilic attack. The
residues were addressed by site-directed mutagenesis.crystal structure, together with biochemical studies,
The resulting alanine point mutants were analyzed forsuggests ways in which the enzyme might contribute to
AdoMet and peptide binding together with HMTase ac-all of these catalytic modes. (General ideas on methyl
tivity. In the case of Y-245→A, the mutation significantlytransfer in biology are reviewed in Takusagawa et al.,
destabilized the structure of the enzyme so that the1998.)
protein could not be used at the high concentrationsThe interactions between the invariant residues E-330,
required for ITC. Therefore, AdoMet binding to this mu-N-296, and the adenine ring of AdoMet leads us to spec-
tant, together with a wild-type control, was assessedulate that this arrangement may contribute to the cataly-
by fluorescence spectroscopy. The results of all thesesis of methyl transfer. In order for there to be a hydrogen
measurements are presented in Figure 4.bond between N1 and N-296 OD1, it would be necessary
Of the three residues whose side chains are involvedfor N1 to be protonated. In solution, the pKa of N1 is
in cofactor binding, N-296→A has no detectable activity,approximately 3.8; however, it is feasible that the pKa
while E-330→A and Y-245→A both show substantiallyof N1 is a good deal higher when the cofactor is bound
reduced HMTase activity. The three mutants retain wild-to the SET domain. As noted earlier, the adenine binding
type affinity for peptide, but the mutants of the two acidicpocket of the SET domain is lined with many carbonyl
residues show approximately 3-fold weaker binding togroups whose dipoles are arranged in a manner that
AdoMet, and Y-245→A is about 5-fold weaker. The dif-could stabilize a positive charge on the adenine ring
ference in cofactor affinity between these mutants andarising from protonation of N1. Consistent with this idea
wild-type is significant but less substantial than theiris the observation that a Mg2 ion is bound at a similar
reduction in HMTase activity. Several conclusions canposition in our orthorhombic crystal form that contained
be drawn from these data. First, the binding results are0.2 M magnesium formate in the crystallization buffer.
consistent with our structural analysis and suggest thatInterestingly, the first coordination shell of the metal ion
the mode of cofactor binding is not greatly altered by thecontains no protein groups but is occupied by water
removal of the C-terminal domain. Second, the HMTasemolecules. As shown in Figure 3D, these water mole-
activity of the three point mutants suggest that each ofcules make hydrogen bonds with several of the groups
them has a substantial effect on the catalytic efficiencythat are involved in adenine binding. Superposition of
of the enzyme in addition to their more modest effects onthe SET7/9.(H2O)6 coordinates with those of SET7/
the cofactor binding constant. The results are consistent9.AdoMet shows that the Mg2 ion occupies a position
with the suggestion that N-296 and E-330 might assistthat is approximately equivalent to the middle of the
catalysis by facilitating protonation of the adenine ring.adenine ring (shown as black circle in Figure 3E). Inter-
However, the observed effect on HMTase activity couldestingly, in activity assays we observed inhibition of
also result from the mutations, leading to distorted co-HMTase activity with Mg2 concentrations above 50 mM
factor binding so that the chemical arrangement at the(data not shown). These data suggest that the electro-
active site is less optimal. In this respect it is interestingstatic environment of the adenine binding pocket is ame-
that the mutation of E-330, which interacts with N-296nable to the binding of a species carrying a positive
but not directly with the cofactor, leads to a substantialcharge.
reduction in HMTase activity.
The presence of a positively charged group in the
Alanine point mutants of H-297 and Y-335 both have
vicinity of the sulfonium ion could act to lower the activa-
substantially reduced HMTase activity (Figure 4D). Bind-
tion barrier of the reaction. There is a clear precedent for ing studies show that mutation of these residues does
this idea in the mechanism of uracil-DNA glycosylase, not alter the affinity for cofactor but does somewhat
where the reaction is substantially driven by substrate reduce the affinity for peptide. Given the position of
autocatalysis. In this case the burial and positioning of these residues in the crystal structure and the solution
four phosphate groups of the substrate on the enzyme’s measurements just described, we propose that these
surface occur so as to stabilize the increase in positive two residues are important for positioning the 	-N of the
charge upon formation of the transition state (Dinner et substrate lysine with respect to the cofactor. The fact
al., 2001). The situation with SET7/9 is different in that that mutation of these residues has only a small effect
we speculate that a positive dipole on the adenine ring on substrate binding affinity need not mean that these
could stabilize the reduction in negative charge at the residues do not make important interactions with the
sulfur center associated with formation of the transition peptide. It may well be that the energetic cost of desol-
state. vating the side chain amine of the lysine, and of these
two residues themselves, accounts for a significant pro-
Mutational Analysis of Conserved Residues portion of the favorable interactions made between
As illustrated in Figure 3B, many of the invariant residues H-297 and Y-335 with the peptide.
occur around the AdoMet binding site. Of these, N-296, Analysis of alanine point mutants of other conserved
E-330, and Y-245 appear likely to be involved in mediat- residues in the SET domain identified three other resi-
dues that contribute to peptide binding. The results foring interactions with the cofactor. Furthermore, the
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Figure 4. The Effect of Alanine Substitution of Invariant Residues on Peptide and AdoMet Binding
(A) Example of ITC trace (upper) and fitted binding curve (lower) of peptide binding to SET7/9 E-330→A.
(B) Summary of dissociation constants for peptide and AdoMet binding to SET7/9 constructs monitored by ITC and fluorescence spectroscopy.
(C) Urea denaturation curve of SET7/9 and SET7/9 Y-245→A in the absence and presence of AdoMet monitored by intrinsic protein
fluorescence emission.
(D) HMTase activity of alanine point mutants of conserved residues in the SET7/9 construct.
E-254→A, D-270→A, and N-302→A are also given in to E-254 and D-270. From there the peptide approaches
the U-shaped groove on the N domain, whose edgesFigure 4. Mutation of either of the two acidic residues
results in at least 10-fold weaker peptide binding, while are markedly acidic. The approximate distance involved
in following this course for the peptide is consistent withthe substitution of the asparagine residue leads to ap-
proximately 6-fold weaker binding. These three residues a 20 residue peptide in an extended conformation.
are all situated some distance from the active site of
the enzyme and suggest how peptide binds to the SET Role of the C Terminus
There are two obvious ways in which residues from thedomain; the positions of E-254 and N-302 are indicated
by red dots in Figure 3B. We propose that the N terminus C terminus of SET7/9 could facilitate the catalytic action
of the enzyme: (1) by providing functional groups to alignof H3 binds somewhere in the vicinity of N-302, that
lysine-4 must be in the active site, and that the peptide the lone pair of electrons of the lysine amine with the
methyl group from the AdoMet; (2) to assist in generatingthen runs through the shallow groove associated with
conserved region III. In this way the peptide will be close the neutral and/or desolvated form of the lysine amine.
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Figure 6. HMTase Activity of SET7/9 with Mutated and Modified
Peptide Substrate
Note that the core peptide is the first 19 residues of histone H3 with
a tyrosine residue added at the C terminus to aid spectroscopic
determination of protein concentration.
We noted that the near-UV CD spectrum of SET7/9 is
particularly informative about the local environment of
W-352. The spectrum of SET7/9(52-366) reveals a very
distinctive tryptophan signal (Figure 5B), indicative of a
tryptophan residue that is either in a closely packed
environment or involved in ring stacking interactions
with another aromatic residue. The CD spectra of
SET7/9 (residues 52–344) and W-352→A, but not the
catalytically active point mutant E-351→A, lack the dis-
tinctive tryptophan signal of the wild-type protein. These
data support the idea that W-352 is responsible for the
strong features in the CD spectra. Interestingly, the CD
spectra for the Y-353→A point mutant also lacks the
characteristic tryptophan CD signal, suggesting that
Y-353 plays an important role in determining the local
Figure 5. Analysis of SET7/9 C-Terminal Point Mutants environment of W-352 in SET7/9. Taken together, the
(A) HMTase activity of alanine point mutants in the SET7/9 construct. mutant and spectroscopic data support the hypothesis
(B) Near-UV circular dichroism of various SET7/9 protein constructs.
that W-352 and Y-353 pack together to create a hy-
drophobic environment for the side chain of lysine-4 of
the histone substrate. It is also possible that Y-353 actsGiven the normal pKa of this side chain in solution, less
than 1% would exist in the neutral form. Although the as a hydrogen bond acceptor to one of the protons on
the amine of this lysine.small population of the neutral amine could be sufficient
for effective methyl transfer to occur, it is also possible
that the enzyme provides a local environment that re- Substrate Specificity
There are numerous SET proteins that, between them,duces the pKa of the lysine side chain. Evidently, if the
enzyme positions hydrophobic residues or good hydro- specifically methylate lysine residues at five different
positions on H3 and H4 histones, and therefore the archi-gen bond acceptor groups in close proximity to the
lysine amine, this effect would be achieved. tecture of the SET domain, probably in concert with the
preceding domain, must be able to discriminate be-Given the lack of sequence homology with other SET
proteins, we systematically mutated each of the polar tween them. Given the quasiperiodic repeat of basic
residues in the N terminus of histones H3 and H4, weand charged residues in this segment to alanine. The
results of the HMTase activity measurements for each were interested to ask what role these basic residues
played in substrate recognition by SET7/9. Furthermore,of the mutants are presented in Figure 5A. Several of
the mutants have somewhat reduced activity; however, to what extent is recognition of substrate by SET7/9
influenced by existing modifications of lysine residues injust one of the point mutants, Y-353→A, is inactive.
These results suggest that this tyrosine residue is re- the N terminus of H3? We therefore carried out HMTase
activity measurements against synthetic histone pep-quired to complete the formation of the active site. After
we carried out these mutagenic studies, the identifica- tides that either contained basic→alanine substitutions
or incorporated modified lysine residues; these resultstion and characterization of PRSET07 was reported (Ni-
shioka et al., 2002b). This protein, whose sequence is are presented in Figure 6.
In the first experiment, five peptides were used whereincluded in Figure 2A, is somewhat shorter than SET7/9
at the C terminus but contains a tryptophan residue at lysine or arginine residues were changed to alanine. The
results show that all of the modified peptides resulteda position that may be equivalent to W-352 in SET7
9. Figure 5A shows that the SET7/9 point mutant, in reduced HMTase activity compared to the wild-type
sequence. The fact that amino acids 12 residues awayW-352→A, is catalytically inactive.
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PACK (Otwinowski and Minor, 1997). Subsequent crystallographicfrom lysine-4 influence the HMTase activity suggests
calculations were done using CCP4 programs (CCP4, 1994).that there is an extensive binding surface for the histone.
In the second part of the experiment, HMTase activity
was measured using peptides that had been either acet- Structure Determination and Refinement
ylated at lysine-9 or monomethylated at lysine-4. The The structure of the orthorhombic crystal form was determined using
a 3 wavelength MAD experiment using Se-methionine-substitutedresults in Figure 6 show that acetylation of lysine-9 does
material on ID14-4 at ESRF. The anomalous scattering sites werenot change the HMTase activity from that seen with
located and phases calculated using SOLVE (Terwilliger and Be-wild-type substrate. This argues that it is unlikely that
rendzen, 1999). Density modification, including automated 2-fold
SET7/9 activity is influenced by prior acetylation at ly- averaging, was carried out with RESOLVE. Electron density map
sine-9. In contrast, HMTase activity against peptide in inspection and manual model building was carried out with O, and
which lysine-4 was already monomethylated was barely refinement with REFMAC, using ARP (CCP4, 1994) for water build-
ing. The structure of the hexagonal crystal form (both native anddetectable. This result raises an intriguing possibility. It
AdoMet-soaked) was solved by molecular replacement with theseems clear from analysis of extracted histones that
model from one molecule of the orthorhombic form using AMORE.lysine residues occur in mono-, di-, and trimethylated
Due to the limited resolution of the hexagonal form, refinement was
as well as unmodifed forms. This suggests that there carried out by TLS refinement of rigid groups (Winn et al., 2001) as
may be other enzymes that methylate monomethyl ly- implemented in REFMAC; the molecule was defined as two rigid
sine-4 to yield the dimethylated moiety. groups: 63–192, 193–337.
It would seem that a key requirement of histone meth-
yltransferase enzymes is that they can target specific
HMTase Activity Measurements
residues on histone tails. The SET-containing family of The methyltransferase activity of Set7/9 and mutant constructs de-
HMTases seems to achieve this objective by employing scribed in the text were determined in a reaction volume of 20 
l
a conserved SET domain in conjunction with a variety containing 3 
M AdoMet supplemented with [methyl-3H]AdoMet
(4 
Ci) (Amersham Biosciences, UK) and 750 
M purified methylaseof N and C domains. Our data suggest that the N domain
in reaction buffer (50 mM Tris [pH 8.5], 100 mm NaCl, 1 mM EDTA,participates in determining the substrate specificity of
1 mM DTT). The substrate was either 1 
g bulk histone (Rochethe enzyme, while the C domain most likely contributes
Diognostics, Ltd) or 50 
M histone peptide. Following incubation
directly in the formation of the active site. Our prelimi- at 30C for 60 min, the reaction was vacuum blotted onto membrane
nary observation that SET7/9 will not catalyze the trans- (Hybond-C, Amersham Biosciences, UK) and washed, and activity
fer of a methyl group to monomethylated lysine-4 of H3 was measured by scintillation counting.
suggests that some other HMTases may only be active
against partially modified lysine. This idea would imply
Binding Measurementsadditional subtlety to the operation of the histone code.
Binding constants for histone-based peptides and AdoMet binding
to SET7/9 were assessed by ITC or by the perturbation of the urea
denaturation of the protein as monitored by intrinsic protein fluores-Experimental Procedures
cence.
ITC measurements, using a MicroCal Omega VP-ITC isothermalProtein Constructs and Preparation
titration calorimeter, were made in 20 mM Tris-HCl (pH 7.0), 100Full-length SET7/9 (residues 1–366),SET7/9 (residues 52–366), and
mM NaCl, 1 mM EDTA, 0.5 mM TCEP at 22C. For peptide bindingSET7/9 (residues 52–344) were expressed as GST fusions in
measurements, protein concentrations in the range 60–80 
M werepGEX 6P1 in E. coli BL21. The GST was removed by overnight
used with titrant concentrations of peptide of 750–900 
M; for Ado-treatment with PreScission Protease (Amersham) prior to gel filtra-
Met binding, protein concentrations were in the range 140–150 
Mtion. Site-directed alanine mutations were introduced using the Stra-
with titrant concentrations of 1.4–1.6 mM.tagene Quikchange Mutagenesis kit, and mutations were confirmed
Uncorrected fluorescence emission spectra were recorded usingby DNA sequencing and electrospray mass spectrometry. Synthetic
a SPEX FluoroMax fluorimeter with excitation at 290 nm (bandwidthpeptides were prepared by Dr. W. Mawby, University of Bristol, UK,
1.7 nm) and emission scanned from 300 to 450 nm (bandwidth 5and AdoMet was obtained from Fluka, Switzerland.
nm). Chemical denaturation is more than 95% reversible for all the
protein samples studied here, since spectroscopic signals charac-
teristic of the native protein are recovered upon dilution of the dena-Crystallization and Data Collection
Crystals of SET7/9 were grown by vapor diffusion at room tem- turant to nondenaturing concentrations. Titrations were performed
at 15C in 20 mM Tris (pH 7.5) by adding aliquots of protein inperature. The orthorhombic form was grown from protein at a con-
centration of 10 mg/ml, 50 mM Tris (pH 7.0), 100 mM NaCl, 1 mM concentrated denaturant to a solution of the protein at the same
concentration in aqueous buffer. Fluorescence signals were mea-TCEP mixed with an equal volume of precipitant containing 0.2 M
magnesium formate, 25% PEG 3350. These crystals belong to the sured at 380 nm with excitation at 280 nm. Urea denaturation data
were fitted to a two-state model describing the unfolding as a singlespace group P212121 with cell dimensions a  66.1 A˚, b  82.8 A˚,
c  116.1 A˚ and with two molecules per asymmetric unit. Crystals transition between native (N) and denatured (D) states: Signal 
(IN  SN[Urea])fN  (ID  SD[Urea])fD, where IN (ID) and SN (SD) are thewere cryoprotected by stepwise addition of glycerol to a final con-
centration of 15%. Hexagonal crystals grew from the same protein intercepts and slopes for the optical signals of the native (denatured)
forms and fN (fD) are the fractions of the total population in the nativeconditions, but using 1.0 M Na/K tartrate, 0.2 M NaCl, 0.1 M imida-
zole (pH 8.0) as precipitant, the cell dimensions are a  b  87.5 A˚, (denatured) forms. The fractional populations were determined from
the equilibrium constant for unfolding, Ku  exp(Gu/RT), with Guc  357.4 A˚ for the native crystals and a  b  87.2 A˚, c  353.5 A˚,
for the AdoMet-soaked crystals; both contain one molecule per calculated using the linear extrapolation model (LEM): Gu  G 
m [Urea], where G is the standard free energy of unfolding in theasymmetric unit. These crystals were brought to 30% glycerol, in
5% steps, for cryoprotection. Crystal were flash-cooled to 100 K absence of urea and m is the slope that characterizes the change
in Gu with [Urea]. Dissociation constants for AdoMet binding wereby plunging into liquid nitrogen. The AdoMet-soaked hexagonal
crystals were soaked for 3 hr in 7 mM AdoMet dissolved in the estimated by performing urea denaturation experiments in the pres-
ence of 50 
M AdoMet. The ligand interaction free energies (G)crystal mother liquor before being transferred to cryoprotectant
(also containing 7 mM AdoMet) and flash-cooled. Diffraction data were estimated as Go15 ( AdoMet)Go15 (no AdoMet) (Masino et
al., 2000). Dissociation constants were then calculated using Gwere collected using MAR CCD area detectors at ESRF ID14-4,
ID14-2, and SRS 14-2 and processed using DENZO and SCALE- RTLn(1  [AdoMet]/Kd).
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CD Spectra Nishioka, K., Rice, J.C., Sarma, K., Erdjument-Bromage, H., Werner,
J., Wang, Y., Chuikov, S., Valenzuela, P., Tempst, P., Steward, R.,Near-UV CD spectra were recorded on a Jasco J-715 spectropolari-
meter. CD intensities are presented as the CD absorption coefficient et al. (2002b). PR-Set7 is a nucleosome-specific methyltransferase
that modifies lysine 20 of histone H4 and is associated with silentcalculated using the molar concentration of protein (equivalent 	M).
chromatin. Mol. Cell 9, 1201–1213.
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